An endogenous cowpea mosaic virus (CPMV) RNA-protein complex (CPMV replication complex) capable of elongating in vitro preexisting nascent chains to fulllength viral RNAs has been solubilized from the membrane fraction of CPMV-infected cowpea leaves using Triton X-100 and purified by Sepharose 2B chromatography and glycerol gradient centrifugation in the presence of Triton X-100. Analysis of the polypeptide composition of the complex by NaDod-SO4/PAGE and silver staining revealed major polypeptides with molecular masses of 110, 68, and 57 kilodaltons (kDa), among which the 110-kDa polypeptide was consistently found to cosediment precisely with the RNA polymerase activity. Using antisera to specific viral proteins, we found the 110-kDa polypeptide to be the only known viral polypeptide associated with the RNA replication complex, the 68-and 57-kDa polypeptides being most probably host-specific. The host-encoded 130-kDa monomeric RNA-dependent RNA polymerase, which is known to be stimulated in CPMV-infected cowpea leaves, did not copurify with the virus-specific RNA polymerase complex. Our results dispute the hypothesis that plant viral RNA replication may be mediated by the RNA-dependent RNA polymerase of uninfected plants. We tentatively conclude that the 110-kDa polypeptide encoded by the bottom component RNA of CPMV constitutes the core of the CPMV RNA replication complex.
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By analogy with small single-stranded RNA bacteriophages, replication of animal and plant viruses containing a singlestranded (+)-type RNA genome was originally presumed to be mediated by a virus-encoded RNA-dependent RNA polymerase (RdRp). While a virus-encoded enzyme was indeed found to be synthesized in cells infected by animal RNA viruses (1) (2) (3) (4) (5) (6) , this concept has been challenged for plant RNA viruses both by the discovery of an RdRp existing in uninfected plants (7) (8) (9) (10) (11) and by the failure to identify a virusencoded polypeptide in preparations of purified RNA polymerase (10) (11) (12) (13) . Because plant virus infection results in a dramatic increase in the level of host-encoded RdRp, it has been suggested that plant RNA viruses may use the preexisting host enzyme as core RNA polymerase and contribute ancillary polypeptides that render this core template-specific and membrane-bound (7, 8, 11, (13) (14) (15) . Indeed, all studies directed toward purifying and characterizing the putative viral RNA replicase from virus-infected plants have led to identification of a host-encoded RdRp (10) (11) (12) (13) 16) , a result interpreted to support this alternative replication model (7, 8, 15) .
It has also been argued, however, that the strong increase of host RdRp activity in virus-infected plants may not be related to virus RNA replication but rather be a reflection of a nonspecific response of plant tissue to viral infection similar, although more pronounced, to the one elicited by injury from inoculation (9, 10, 12, 16, 17) . According to this view, the high level of host RdRp may have so-far masked the RNA polymerase actually involved in viral replication.
To overcome this apparent dilemma regarding the replication mechanism of plant RNA viruses, we have purified from cowpea mosaic virus (CPMV)-infected cowpea leaves a CPMV RNA replication complex that is capable of elongating in vitro preexisting nascent viral RNA (+)-strands. Using antisera directed against various CPMV RNA-encoded polypeptides, we have found evidence indicating that the core polymerase of the viral RNA replication complex does not originate from the host but instead is composed of a virusencoded 110-kilodalton (kDa) polypeptide.
MATERIALS AND METHODS
Purification of CPMV RNA Replication Complex. (i) CPMV-infected cowpea leaves (10, 18) were homogenized in 50 mM TrisHOAc, pH 7.4/10 mM KOAc/1 mM Na3EDTA/ 5 mM dithioerythritol/0.5 mM phenylmethylsulfonyl fluoride and the crude membrane fraction was prepared and washed twice with a Mg2+-deficient buffer to extract the bulk of host-encoded RdRp activity as described (10, 18) . The washed membrane fraction was suspended in TKED buffer (50 mM TrisHOAc, pH 8.2/50 mM KOAc/1 mM Na3EDTA/5 mM dithioerythritol)/25% (vol/vol) glycerol using approximately 0.2 ml/g of fresh leaf tissue and stored at -80°C. To solubilize the replication complex, portions of the washed membrane fraction were adjusted to 0.5% Triton X-100 (Sigma), stirred for 1 hr at 4°C, and clarified at 31,000 x g for 1 hr. The supernatant was centrifuged at 123,000 x g for 70 min at 4°C. The resulting dark green supernatant (referred to as the detergent-soluble fraction) was stored at -80°C either directly or after concentrating 2-to 3-fold in an Amicon ultrafiltration system (model 8 MC) using a YM 30 filter.
(ii) The concentrated detergent-soluble fraction (2.5-5 ml) was applied to a Sepharose 2B column (1.6 x 60 cm) equilibrated with TKED buffer/15% glycerol/0.5% Triton X-100 and eluted at a flow rate of about 10 ml/hr. Fractions (1 ml) were collected and 30-,ul aliquots were assayed for polymerase activity using [3H]UTP. The void fractions containing the viral replication complex (18) were pooled and stored at -800C. 
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(iii) The Sepharose void fraction was concentrated 5-to 15-fold by ultrafiltration and 0.3-0.5 ml was loaded onto an 11-ml linear 17.5-40% glycerol gradient in TKED buffer/0.5% Triton X-100 and centrifuged in a Beckman SW-41 rotor at 36,000 rpm (170,000 X g) for 17 hr at 40C. The gradient was pumped out from the bottom and collected into 0.5-ml fractions; 30-,ul aliquots of the fractions were assayed for polymerase activity. Double-stranded RNAs of bottom and middle components of CPMV (RFB and RFM) were run on a parallel gradient and their positions in the gradient were determined by electrophoresing aliquots of the fractions in an agarose gel (18) .
RdRp Assay and Characterization of in Vitro Products. RNA polymerase activity on endogenous template RNA was assayed as described (18) , using either 6 gM [5-3H] UTP, 6 ,uM [5,6- In vitro-synthesized RNA was purified and analyzed on nondenaturing 1% agarose gels as described (18) . Analysis under denaturing conditions was carried out on horizontal 1.5% agarose gels containing methylmercury hydroxide (Alfa-Ventron GmbH, Karlsruhe, F.R.G.) (19) . NaDodSO4/PAGE. Proteins were analyzed on 10 or 12.5% polyacrylamide gels (10) . Polypeptide bands were visualized by silver staining (20) . In some experiments, gels were stained with Coomassie brilliant blue prior to silver staining (21) .
Immunological Techniques. After NaDodSO4/PAGE, polypeptides were transferred electrophoretically (55 V, 6-16 hr at 4°C) to nitrocellulose (0.45 mu, BA85, Schleicher & Schuell) using 25 mM Tris/192 mM glycine/20% methanol/0.1% NaDodSO4 as transfer buffer (22) . Protein blots were probed with antisera and 125I-labeled protein A (16, 23) .
Preparation of antiserum directed against the 130-kDa host-encoded RdRp (anti-130K serum) and against the genome-linked protein (VPg) of CPMV (anti-VPg serum) have been described (16, 23) . Antisera directed against the CPMV B-RNA-encoded 170-, 110-, and 87-kDa polypeptides (referred to as anti-170K, anti-liOK, and anti-87K serum, respectively) were raised by immunizing rabbits with each of the viral polypeptides purified from CPMV-infected cowpea leaves (to be published in detail elsewhere). Briefly, the buffer-soluble membrane fraction (18) was adjusted to 0.5% Triton X-100 and loaded on a phosphocellulose column equilibrated with TKED buffer/25% glycerol/0.5% Triton X-100. The CPMV B-RNA-encoded 170-, 110-, and 87-kDa polypeptides were eluted with 0.25 M KOAc and then separated by NaDodSO4/PAGE. Polypeptide bands were visualized by staining, excised from the gel, and further processed for immunization as described (24) .
RESULTS
Purification of the CPMV RNA Replication Complex. On solubilization of the membrane-bound CPMV RNA replication complex by Triton X-100, no loss of RNA polymerase activity occurred and virtually no polymerase activity remained associated with the detergent-insoluble membrane residue (Fig. lA) . Like the membrane-bound replication complex, the solubilized replication complex was capable of elongating in vitro nascent RNA chains to full-length CPMV RNAs ( Fig. 1 B and C and ref. 18 ). Although Triton X-100 concentrations of 0.1-1% were equally effective in solubilizing the replication complex, concentrations of 0.5-1% were preferable, because this gave enzyme preparations that were less contaminated by small membrane fragments on subsequent Sepharose 2B column chromatography.
The CPMV RNA replication complex eluted in the void volume of the Sepharose 2B column as a clear and colorless enzyme preparation, clearly separated from the bulk of solubilized proteins (18) and residual host-encoded RdRp (25) . At least 50% of the viral RNA polymerase activity present in the crude membrane fraction was recovered after Sepharose 2B column chromatography as estimated from the amount of RFB and RFM produced in vitro. Analysis of the in vitro products by pulse labeling and pulse-chase experiments showed that full-length viral RNA strands were made by elongation of nascent chains present in the replication complex ( Fig. 1 Glycerol gradient centrifugation separated the replication complex from the fast-sedimenting residual small membrane fragments coeluting with the replication complex in the void volume of the Sepharose 2B column (Fig. 2C) . RNA polymerase activity, as measured by [3H]UMP incorporation, sedimented as a peak at 20-25 S just ahead of RFB and RFM with a recovery of at least 65% ( Fig. 2A) . Analysis of RNA synthesized in vitro by the glycerol gradient fractions showed that the 20-25S peak represented the viral replication complex consisting of RNA polymerase molecules that are completing viral RNA chain elongation (Fig. 2B) . As expected, RNA polymerase molecules associated with replicating B-RNA sedimented slightly faster than those involved in transcribing M-RNA (Fig. 2B) ents analyzed so far; the other two polypeptides were present in variable amounts and furthermore distributed throughout the gradient (Fig. 2C) . When the sedimentation profiles of replication complex preparations of different experiments were compared, it became apparent that the amount of polymerase activity correlated with the amount of 110-kDa polypeptide detectable in the replication complex (data not shown). In some experiments, the 68-and 57-kDa bands were not distinguishable because of strong background staining in the 53-to 65-kDa region of the gel that particularly appeared to interfere at low protein concentrations. Similar background bands produced by silver staining have been observed by Morrissey (20) and have been attributed to the 2-mercaptoethanol used in the sample buffer (27) . Background bands in the same size region have also been observed when polypeptide bands were visualized after blotting onto nitrocellulose filters using antisera raised in rabbits with antigens purified by PAGE (see below).
The CPMV B-RNA-Encoded 110-kDa Polypeptide Is Associated with the CPMV RNA Replication Complex. Previously, it has been found that CPMV B-RNA encodes information essential to viral RNA replication, suggesting that one or more of the B-RNA-encoded polypeptides with molecular masses of 170, 110, 87, 84, 60, 58, 32, and 4 kDa (VPg), respectively, may be component(s) of the viral replication complex (28) . The way in which these polypeptides arise from a common 200-kDa polyprotein precursor by specific proteolytic cleavages and are related to each other is shown in Fig. 3 (29) .
To study the occurrence of virus-specific proteins in the replication complex at various stages of purification, polypeptides were separated by NaDodSO4/PAGE, transferred to nitrocellulose, and probed with antisera raised against the separate 170-, 110-, and 87-kDa polypeptides and VPg using '25I-labeled protein A to detect immunocomplexes.
Incubation with anti-170K serum revealed the presence of (29) and slightly modified to include results presented in this paper. Proteolytic cleavage sites in the 200-kDa polyprotein are indicated by arrows a-d. Cleavage at position a occurs first, the order of the other three cleavages seems not to be fixed. The map position of the 112-kDa polypeptide is tentative.
170-, 112-, 110-, 87-, and 84-kDa B-RNA-encoded polypeptides in the crude membrane fraction (Fig. 4A, lane 2) , among which the 112-kDa polypeptide represents a viral protein not noticed previously. The bulk of these viral proteins was released into the buffer-soluble fraction by washing the crude membrane fraction with Mg2+-deficient buffer (lane 3) whereas the remainder (lane 4) was solubilized, along with the viral replication complex, by treating the washed membrane fraction with Triton X-100 (lane 5). Only very small amounts of the virus-specific proteins copurified with the CPMV RNA replication complex on Sepharose 2B chromatography (lane 6). The 170-, 112-, and 84-kDa polypeptides were virtually absent in the void fraction of the column containing all the replication complex activity, whereas the 110-kDa polypeptide and, to a lesser extent, the 87-kDa polypeptide were clearly detectable (lane 6*). A strong background reaction in the 53-to 65-kDa region (see above) precluded establishing the presence of the B-RNA-encoded 60-kDa VPg-precursor polypeptide in the different fractions. Since anti-VPg serum does not display this background reaction, it was used to detect the 60-kDa polypeptide (23).
Anti-VPg serum reacted rather weakly with the 170-and 112-kDa polypeptides and very strongly with the 60-kDa VPg precursor present in the crude membrane fraction, the 1 washed membrane fraction, and the solubilized replication complex (Fig. 4D) . The 112-kDa polypeptide reacting with both anti-VPg serum and anti-170K serum (Fig. 4A and 4D ) may represent a B-RNA-encoded polypeptide arising by alternative cleavage of the 170-kDa polypeptide as indicated in Fig. 3 . By using anti-VPg serum that had not been preadsorbed to virion particles to remove antibodies directed against CPMV capsid proteins (23), we could detect the VP37 and VP23/22 capsid proteins concomitantly in the different fractions. After Sepharose 2B chromatography, the 60-kDa VPg precursor and the capsid proteins were no longer detectable in the replication complex (Fig. 4D, lane 6) Results obtained with both anti-llOK serum (Fig. 4B ) and anti-87K serum (Fig. 4C) confirmed the conclusions reached with anti-170K serum that low amounts of the 110-and 87-kDa polypeptides were present in the Sepharose void fraction (Fig. 4 B and C) .
After glycerol gradient centrifugation, the B-RNA-encoded 110-kDa polypeptide was the only viral polypeptide detectable in gradient fractions containing the functional replication complex (Fig. 2D ). (25) and the glycerol gradient fractions using either silver staining (Fig. 2C ) or anti-130K serum (data not shown). Since, in addition, the sedimentation profile of the 110-kDa polypeptide as detected by both silver staining and anti-170K serum coincides with the sedimentation profile of the RNA polymerase activity of the viral RNA replication complex (Fig. 2) , we conclude that the CPMV B-RNA-encoded 110-kDa polypeptide represents the core RNA polymerase of the replication complex.
DISCUSSION
As a prelude to purifying the CPMV RNA replication complex, we previously characterized in detail the crude membrane fraction from CPMV-infected cowpea leaves and pro- 68 , and 57 kDa) detected in the purified replication complex, only the virusspecific 110-kDa polypeptide was consistently found to cosediment precisely with the RNA polymerase activity. The other polypeptides were not selectively distributed in the RNA polymerase peak. It remains to be determined whether the 68-and 57-kDa polypeptides represent host proteins contaminating the replication complex or functional subunits required for polymerase activity. Since no host-encoded RdRp could be detected in the purified replication complex (25), our present results favor the conclusion that the 110-kDa polypeptide encoded by CPMV B-RNA constitutes the core RNA polymerase of the replication complex.
A considerable part of the virus-specific 110-kDa polypeptide present in the crude membrane fraction did not copurify with the replication complex (Fig. 4) . Apparently, the bulk of 110-kDa polypeptides is not associated, or does not remain associated, with replicating viral RNA molecules. These free 110-kDa polypeptides, as well as any of the other virus-specific proteins, did not respond, however, to exogenous RNA, as became evident in the course of purifying the hostencoded RdRp from CPMV-infected cowpea leaves (10) . Thus, fractions devoid of host RdRp but rich in virus-specific proteins did not display RNA polymerase activity (10) . Since the RNA polymerase in the purified replication complex could not initiate RNA synthesis de novo either, these results strongly suggest that the 110-kDa polypeptide alone has only elongating activity and needs additional proteins for initiation and template recognition. Similarly, the core polymerase activity of poliovirus and foot-and-mouth disease virus RNA replicase was found to be associated with a single virus-specific polypeptide that is incapable of initiating RNA synthesis in vitro in the absence of a host cell protein and/or oligoribouridylate primer (2-6, 19, 30-33) . It will thus be important to determine whether the potential elongation activity of free 110-kDa polypeptides can be activated by addition of an appropriate template-primer combination. If VPg is involved in priming RNA synthesis in vivo and initiation is mediated by the generation of VPg from its precursor as has been suggested for picorna viruses (for review, see refs. 34 and 35) , then future studies may reveal a role of the 60-and 112-kDa VPg precursors in CPMV RNA replication. The endogenous CPMV RNA-protein complex described in this paper apparently represents only a part of the viral RNA replicating machinery.
